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The genome in a higher organism consists of a number of types of nucleotide sequence-specialized components, with each having tens of
thousands of members or elements. It is crucial for our understanding of how a genome as an entity is organized, functions, and evolves to
determine how these components are organized in the genome and how they relate with each other; however, no such knowledge is available.
Here, we report a comprehensive analysis of the organization and interaction of all 40 components constituting the genome of the plant model
species, Arabidopsis thaliana, at the whole-genome and chromosome levels. The 40 components include (i) 6 genome structural components
consisting of GC%, genes, retrotransposons, DNA transposons, simple repeats, and low complex repeats; (ii) 3 evolutionarily critical features
consisting of recombination rate, nucleotide substitutions, and nucleotide insertions/deletions; and (iii) 31 categories of genes with different
functions and numbers of functions. We show that the distributions of 39 of the 40 components of the genome (excepting GC%) deviate
significantly from the random distribution model and different types of the genome components are significantly correlated. These results
remained to be true even when the genomic regions, such as centromeric regions, where transposable and repeat elements are abundant were
excluded from the analyses. These findings suggest that DNA molecules contained in the Arabidopsis genome are each organized and
structured from their constituting components in an unambiguous manner and that different types of the components that constitute or
characterize the genome interact. The analysis also showed that each chromosome consists of a similar set of the components at similar
densities, suggesting that the unique organization and interaction pattern of the components in each chromosome may represent, at least in part,
the identity of a chromosome or a genome at the genome level, thus partly accounting for the phenotypic variation among different species.
The data also provide comprehensive and new insights into many phenomena significant in genome biology, with which we particularly
discuss the variation of genetic recombination. The variation of genetic recombination rate along a chromosomal arm is shaped, not only by the
distribution of simple repeats, retrotransposons, DNA transposons, and nucleotide substitutions, but also by the functions of genes contained,
especially those with multiple functions, suggesting that variation of genetic recombination along a chromosomal arm is the result of
interactions among the components constituting local genome structure, function, and evolution.
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species has revealed that the genome of a higher organism is
characterized by a number of types of nucleotide sequence-
specialized components, each consisting of tens of thousands
of members or elements [1–9]. These components include
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doi:10.1016/j.ygeno.2006.05.003transposable elements (DNA-TEs), retrotransposable elements
(retro-TEs), simple repeats, and low complex repeats.
Moreover, comparative analyses revealed that the gene
content and order in certain segments of a genome are highly
conserved among related species [10–12], but a significant
number of nucleotide substitutions or single nucleotide
polymorphisms (SNPs) and nucleotide insertions/deletions
(InDels) have been identified between closely related
genotypes, reflecting the evolution of the genome [13,14].
For instance, Arabidopsis thaliana, the model species for
395C. Wu et al. / Genomics 88 (2006) 394–406biology study of flowering plants, has a genome size of ca.
120 Mb distributed on five chromosomes, with each
chromosome containing a DNA molecule ranging from 17
to 30 Mb in size. Sequencing of the genome [3] identified
25,498 genes, 5888 retro-TEs, 8147 DNA-TEs, 10,601 simple
repeats, and 32,791 low complex repeats (Supplementary
Table S1). Furthermore, of the 25,498 genes, more than 75%
have been categorized into 27 function categories [15]. The
Arabidopsis Polymorphism Detection Program [14] identified
37,344 SNPs and 19,326 InDels between the ecotypes
Columbia and Landsberg (Supplementary Table S1).
Nevertheless, little is known about how the components
constituting or characterizing a genome are distributed and
organized and whether and how different types of the
components interact with each other. Knowledge in this regard
is crucial to our understanding of how a genome as an entity is
biologically organized, functions, and evolves. Studies were
conducted to investigate the distribution and relationships of
genome-constituting components in several sequenced gen-
omes, particularly recombination rate, transposable element
(TE) distribution, GC%, and gene density; however, they were
limited to only a few of the genome components [16–24]. These
studies provided useful information about interactions among
the targeted genome components, but further studies are clearly
needed to understand comprehensively how a genome is
organized or assembled from its constituting components and
how the genome components interact with each other. For
instance, in Arabidopsis—the first plant genome that was
sequenced and is best characterized in function—while all
components constituting or characterizing its genome have been
identified and located to its sequence map [3,14,15], their
distribution and interaction have been analyzed statistically
among only a few of the 40 components, including recombina-
tion rate, gene density, and TEs [23]. Of the components
analyzed, recombination rate, as a force of genome organization
and evolution, has been the most extensively studied in terms of
its relationships with the distribution of TEs [17,20–23], genes
[22,23], SNPs [21,25], and GC content [18,24]. However, little
is known about its relationships with other components such as
regional gene contents and functions that may also significantly
affect, or be associated with, recombination rate. Another
problem is the inconsistency of some of the study results among
different genomes. An example of the inconsistency is the
relationship between recombination rate and TE distribution.
Duret et al. [17] showed that the density of DNA-TEs was
positively correlated with recombination rate in Caenorhabditis
elegans, Rizzon et al. [20] showed that it was negatively
correlated with recombination rate in Drosophila; whereas
Wright et al. [23] reported that there was no correlation detected
between these two components in Arabidopsis.
In this study, we comprehensively analyzed the distribution,
organization, and relationships among all of the 40 components
constituting the Arabidopsis genome and we discuss their
potential biological implications. Furthermore, we discuss
several questions significant in genome biology using the
results, particularly the causes of variation of genetic recombi-
nation along a chromosome arm.Results
We extracted the genomic distribution data of all components
constituting the Arabidopsis genome (Supplementary Table S1)
and analyzed the data collection to address the following
questions:
Does each chromosome of the Arabidopsis genome have a
similar set and density of genome components?
Supplementary Table S1 and Supplementary Figs. S1–S5
show the genome components contained in each chromosome
of the Arabidopsis genome and their distribution along each
chromosome. All of the 40 components of the Arabidopsis
genome were found to be present in every chromosome even
though the numbers of members or elements of different
components contained in a chromosome vary by thousands of
fold. To examine whether these components are similar in
density in each chromosome of the genome, we calculated the
chromosome and genome means of each component in a 300-kb
window and tested their differences in density among the five
chromosomes of the Arabidopsis genome by ANOVA, followed
by Fisher's LSD (Table 1). The result showed that the vast
majority of the 40 components were similar in density among
the five chromosomes of Arabidopsis, while significant
differences were observed between some pairs of the chromo-
somes. Chromosomes 2, 3, and 4 were significantly richer in
GC% than chromosomes 1 and 5, while chromosome 1 had a
significantly higher gene density than any other chromosome
except chromosome 5. This seems to conflict with the concept
that gene density is positively correlated with GC% [3] (also see
below). Chromosomes 4 and 5 seemed to be evolving
significantly faster than chromosomes 1, 2, and 3. This is
because chromosome 5 had a significantly higher density of the
evolutionary component SNPs than any other chromosome, and
chromosome 4 had a significantly higher density of InDels than
all other chromosomes except chromosome 5. In contrast,
chromosomes 1 and 2 contained the highest densities of genes
of the function category encoding “Transposable elements, viral
and plasmid proteins”. This suggests that the chromosomal
position of genes encoding transposable elements and viral and
plasmid proteins in the genome does not seem crucial to
genome evolution by nucleotide substitutions, deletions, and/or
insertions. Moreover, the mean numbers of both retro-TEs and
DNA-TEs observed in chromosome 2 were significantly higher
than those observed in chromosome 1, which is consistent with
the significantly higher density of the genes encoding
transposable elements and viral and plasmid proteins in
chromosome 2 than in chromosome 1.
Are all 40 components distributed randomly or unambiguously
in each chromosome and the entire Arabidopsis genome?
It is apparent from Supplementary Figs. S1–S5 that
some of the 40 components are distributed nonrandomly,
such as DNA-TEs, retro-TEs, and genes encoding trans-
posable elements and viral and plasmid proteins; however,
Table 1















Note. The analysis was conducted by use of ANOVA, followed by LSD and the significance levels in difference between the means of each component in 300-kb continuous sequence are presented at ≤0.05 in















398 C. Wu et al. / Genomics 88 (2006) 394–406detailed analyses were needed to determine whether other
components are also distributed nonrandomly. Therefore, we
tested the distribution of each component within the whole
genome and individual chromosomes versus the random
distribution model using 300-kb windows by the χ2
goodness-of-fit test (Table 2). At the whole-genome level,
all components, except GC%, no matter whether they are
crucial to genome evolution or the basic components of
genome structure and function, deviated extremely signifi-
cantly or significantly from the random distribution model
(p < 0.001), suggesting that the positional arrays of 39 of
the 40 components are unambiguous in the genome. The
observed χ2 values as large as 18,494 were obtained. The
descending order of significance levels for the nonrandom
distribution of genome structural and evolutionary compo-
nents was as follows: retro-TEs, DNA-TEs, SNPs, low
complex repeats, InDels, gene density, recombination rate,
and simple repeats. The distribution deviation (df = 455, the
observed χ2 = 3276.9) of the genes of the function
category encoding transposable elements and viral and
plasmid proteins within the whole genome was the most
significant among all function categories, while the test for
all other function categories was also extremely significant
with p values <0.001. At the level of the chromosome,
each of which contains a single DNA molecule, all
components (with the exceptions of GC% for all five
chromosomes, and recombination rate, and the genes of
seven function categories, “Cell type differentiation,”
“Tissue differentiation,” “Organ differentiation,” “Cell type
localization,” “Tissue localization,” “Ubiquitous expression,”
and “Protein activity regulation,” for some chromosomes)
also deviated extremely significantly or significantly from
the random distribution model. This result suggests that
although GC%, recombination rate, and the genes catego-
rized into the seven function categories are likely to be
randomly arrayed in the DNA molecules of some chromo-
somes, the elements of the remaining 31 components are
organized in the genome in an unambiguous order.
Furthermore, considering the potential influence of region-
ally abundant TEs and tandem repeats on the nonrandom
distribution patterns of the components, we excluded the
centromeric regions of all chromosomes on which these
elements are abundant (Supplementary Figs. S1–S5) and then
tested their distributions against the random distribution
model by the χ2 goodness-of-fit test. At the level of the
whole genome, excluding centromeric regions, the results
similar to those of the whole genome were obtained, although
the distributions of several additional components at the level
of individual chromosomes, excluding the centromeric
regions, became nonsignificantly deviated from the random
distribution model (Supplementary Table S2). This result
suggests that the regionally abundant TEs and tandem repeats,
such as those in the centromeric regions, had only minor
influences on the nonrandom distribution patterns of the
components constituting the Arabidopsis genome, thus not
significantly affecting the analysis results of the study
including the centromeric regions.Is there any relationship and what relationships are there
between the components that constitute or characterize the
Arabidopsis genome and chromosomes?
To answer these questions and the question of what drives
the distribution pattern of the components in the genome, we
classified the 40 components according to their contributions to
genome structure, function, and evolution (Supplementary
Table S1) and studied their relationships using 300-kb windows
by calculating all possible pair-wise Spearman correlation
coefficients (rs) and their significance by employing the t test at
both the whole-genome (Table 3; Supplementary Tables S3 and
S4) and the individual chromosome (Supplementary Tables S5–
S14) levels. As most genes have been predicted to have two or
more functions (Supplementary Table S1), we first excluded the
genes with two or more functions that were counted in both
function categories of the pair under comparison to eliminate
the influence of genes with multiple functions on the analyses.
Then, we constructed pair-wise datasets and calculated the pair-
wise correlation coefficients between the numbers of counts of
genes assigned to the 27 function categories (Table 3;
Supplementary Tables S3–S14). Furthermore, to estimate the
impact of regionally abundant TEs and tandem repeats
(Supplementary Figs. S1–S5) on the correlation analyses, we
also separately analyzed the correlations between the compo-
nents in centromeric regions (Supplementary Table S4) and
chromosome arms (Supplementary Tables S3 and S10–S14).
First, we calculated the correlations between genome
structural and evolutionary components. Gene density, GC%,
retro-TEs, DNA-TEs, simple repeats, and low complex repeats
are the basic structural components of a genome, whereas
SNPs, InDels, and recombination rate have been widely used
in the evolutionary study of genomes [13,14,17,18,20–25].
The correlation analysis among these components showed that
at the whole-genome level, recombination rate did not
correlate with any of the genome structural and evolutionary
components (Table 3). This result is in agreement with that
obtained in Arabidopsis by Wright et al. [23] in which no
significant correlation was found between recombination rate
and TE abundance. SNPs and InDels were positively
correlated with each other and with gene density and simple
repeats, but negatively correlated with DNA-TEs and retro-
TEs. In other words, in the genomic regions where nucleotide
substitutions, insertions, and/or deletions frequently occurred,
there were higher gene densities, more abundant simple
repeats, and fewer TEs. The higher density of SNPs was
associated with higher GC% and fewer low complex repeats,
but there were no correlations between InDels and either GC%
or low complex repeats. The correlation of SNPs and InDels
with gene density was in total agreement with our previous
wet lab experimental results in which significantly higher gene
densities were found in the evolutionarily diverged regions (C.
W. and H.-B.Z, unpublished). The positive correlations of
SNPs and InDels with simple repeats and the negative
correlations with DNA-TEs and retro-TEs suggest that simple
repeats are more active in genome evolution than TEs. The
significance of simple repeats within eukaryotic genomes has
Table 2
Statistical analysis of the distribution of genomic components of 300-kb windows across the whole genome and individial chromosomes of Arabidopsis
thaliana
Note. The mean of each genome component is presented by the mean number of counts, percentage or rate of the component in a window of 300-kb continuous
DNA sequence. The two-tailed critical values of χ2 at α= 0.05, 0.01 and 0.001 for recombination rate are 272.8, 289.5 and 308.9, respectively, for the whole genome
(d.f. = 236); 66.3, 74.9 and 85.4 for chromosome 1 indicated by “Chr.1” (d.f. = 49); 67.5, 76.2 and 86.7 for Chr.2 (d.f. = 50); 60.5, 68.7 and 78.8 for Chr.3 (d.f. = 44); 56.9,
65.0 and 74.7 for Chr.4 (d.f. = 41); and 61.7, 70.0 and 80.1 for Chr.5 (d.f. = 45). The two-tailed critical values of χ2 at α= 0.05, 0.01 and 0.001 for the remaining
components are 505.7, 528.1 and 554.0, respectively, for the whole genome (d.f. = 455); 135.5, 147.4 and 161.6 for Chr.1 (d.f. = 110); 98.5, 108.8 and 121.1 for Chr.2
(d.f. = 77); 112.0, 122.9 and 136.0 for Chr.3 (d.f. = 89); 83.7, 93.2 and 104.7 for Chr.4 (d.f. = 64); and 135.5, 147.4 and 161.6 for Chr.5 (d.f. = 110). The
significant levels are presented at P ≤ 0.05 in blue, P ≤ 0.01 in green and P ≤ 0.001 in red.
399C. Wu et al. / Genomics 88 (2006) 394–406not been well understood, but it has been documented that the
evolution of simple repeats has been associated with certain
inherited human diseases [26].For the relationships between different genome structural
components, as expected [3,23,27], higher gene density was
associated with higher GC%, but with lower densities of
Table 3















401C. Wu et al. / Genomics 88 (2006) 394–406DNA-TEs, retro-TEs, and low complex repeats. There were
positive correlations among DNA-TEs, retro-TEs, and low
complex repeats, but there was a negative correlation
between retro-TEs and simple repeats. There were fewer
genes and more DNA-TEs, more retro-TEs, and more
simple repeats where low complex repeats were more
abundant. Furthermore, when the chromosomal arms and
centromeric regions of the genome were analyzed separately
(Supplementary Tables S3 and S4), the correlations between
the components observed at the whole-genome level were
maintained in the arms, suggesting that the regionally high
density of TEs and tandem repeats found in the centromeric
regions had a limited impact, if any, on the correlations
between the components. Nevertheless, the correlation
patterns observed in the centromeric regions were opposite
to those obtained at the whole-genome level. For instance,
SNPs and InDels were negatively correlated with DNA-TEs
at the whole-genome and chromosome-arm levels, but these
correlations were positive in the centromeric regions. The
correlation between DNA-TEs and retro-TEs was positive at
the whole-genome and chromosome-arm levels, but negative
in the centromeric regions. The GC% was negatively
correlated with retro-TEs at the whole genome and
chromosome-arm levels, but this correlation was positive
in the centromeric regions (Supplementary Table S4).
Therefore, retro-TEs could be divided into two groups, the
lower (<39.65%) and higher (>41.40%) GC% groups, the
former preferentially distributed in the chromosomal arms,
while the latter tends to reside in the centromeric regions
such as the gypsy-like element Athila [23,28]. Although
further studies are needed to explain this interesting
observation, it is likely that the different correlation patterns
of the genome components between chromosomal arms and
centromeric regions may reveal the footprints of origin and
evolution of centromeres and that the higher GC% retro-TEs
somehow facilitate some specific functions associated with
centromeres (C.W., S.W., and H.-B.Z, manuscript in
preparation).
When correlations between the components were ana-
lyzed at the chromosome level, the patterns of the positive
or negative correlations were the same as those observed at
the whole-genome level for all five chromosomes, with a
few changes in the rs values and their significance levels
(Supplementary Tables S5–S9). However, it is worth noting
that significant correlations were observed between recom-Notes to Table 3:
GC%: Base composition; GD: Gene density; Retro: Retrotransposable elements;
Rrate: Recombination rate; MTB: Metabolism; ENG: Energy; CDP: Cell cycle and
(folding, modification, destination); TSP: Cellular transport and transport mechanis
Cell rescue, defense and virulence; RI: Regulation of or interaction with cellular
environment; DEV: Development (Systemic); TEV: Transposable elements, viral
differentiation; TD: Tissue differentiation; OD: Organ differentiation; SCL: Subcellu
localisation; UBQ: Ubiquitous expression; PAR: Protein activity regulation; PB: P
TSPF: Transport facilitation; 1F: One gene with single function; 2F: One gene with
gene with more than 3 categorized functions. The asterisk “*” indicates that a
correlations between the recombination rate (Rrate) and other components. Therefo
were 0.127 (blue), 0.167 (green), and 0.212 (red), respectively.bination rate and the densities of several structural and
evolutionary components across different chromosomes.
Recombination rate was positively correlated with simple
repeats across chromosome 1, with retro-TEs across
chromosome 2, with retro- and DNA-TEs across chromo-
some 4, and with GC% across chromosome 5, but it was
negatively correlated with SNPs and low complex repeats
across chromosome 5. When excluding the centromeric
region from each chromosome, most of the correlations
observed at the whole-chromosome level remained. At the
chromosomal-arm levels, the recombination rate was posi-
tively correlated with InDels and simple repeats across
chromosome 1 arms and with DNA- and retro-TEs across
chromosome 4 arms, while it was negatively correlated with
SNPs across chromosome 3 and 5 arms (Supplementary
Tables S10–S14). While the correlation of recombination
rate with DNA-TEs was different from that observed in
Drosophila [20], it agreed with that observed in C. elegans
[17]. By comparison, the positive correlations of recombi-
nation rate with simple repeats, DNA-TEs, and retro-TEs,
but the negative correlation between recombination rate and
SNPs, were observed in both whole chromosomes and
chromosomes excluding the centromere regions. This
suggests that not only did the high density of TEs in the
centromeric regions have a limited impact, if any, on the
correlations of recombination rate with the components, but
also the variation of recombination rate along a chromosome
arm was significantly associated with the regional densities
of simple repeats, InDels, DNA-TEs, retro-TEs, and SNPs.
Second, we analyzed the correlations between genome
structural components and genes with different functions. Of
the 25,498 genes identified in the Arabidopsis genome [3],
18,238 (75.65%) were previously classified into 27 function
categories [15]. Furthermore, we categorized the genes into
an additional 4 categories according to the numbers of their
predicted functions in this study (Supplementary Table S1).
We studied the correlations of 186 genome structural
component/function category comparison pairs at both the
whole-genome (Table 3) and the whole-genome chromo-
some-arm levels. We found that most (>80%) of them were
extremely significantly or significantly correlated (Supple-
mentary Table S3). Nevertheless, none of the six structural
components had significant correlations with the distribution
of genes having single functions. At the whole-genome
level, the counts of genes in the function category encodingDNA: DNA transposons; Simpl: Simple repeats; LC: Low complex repeats;
DNA processing; TSC: Transcription; PS: Protein Synthesis; PF: Protein fate
ms; CMS: Cellular communication and signal transduction mechanisms; CRD:
environment; CF: Cell fate; SR: Systemic regulation of or interaction with
and plasmid proteins; CO: Control of cellular organization; CT: Cell type
lar localisation; CTL: Cell type localisation; TL: Tissue localisation; OL: Organ
rotein with binding function or cofactor requirement; STO: Storage protein;
2 categorized functions; 3F: One gene with 3 categorized functions; >3F: One
different degree of freedom (d.f.= 238) was used to test significance of the
re, the corresponding significant levels for P ≤ 0.05, P ≤ 0.01, and P ≤0.001
402 C. Wu et al. / Genomics 88 (2006) 394–406transposable elements and viral and plasmid proteins always
showed correlations with the genome structural components
opposite to those in the remaining function categories—the
counts of the genes were correlated positively with DNA-
TEs, retro-TEs, and low complex repeats and negatively
with GC%, simple repeats, and gene density. This implies
that the genes encoding transposable elements and viral and
plasmid proteins tend to reside in the regions where DNA-
TEs, retro-TEs, and low complex repeats are more abundant,
but there are fewer other genes, fewer simple repeats, and
lower GC%. The other function categories, except the genes
with single functions, generally showed positive correlations
with GC%, simple repeats, and gene density and negative
correlations with retro-TEs, DNA-TEs, and low complex
repeats.
Moreover, several interesting observations were obtained
from this analysis (Table 3; Supplementary Table S3). (a)
The above analysis showed that recombination rate had no
significant correlation with any genome structural compo-
nents, including gene density, at the whole-genome level,
whereas this analysis showed that the recombinant rate
negatively correlated with the density of genes with more
than three functions, suggesting that the contents of genes
with multiple functions may limit genetic recombination or
recombination drives the genes with multiple functions to
cluster. If the genes with multiple functions were considered
to be “essential genes” this result is in agreement with that
of Pal and Hurst [22] observed in yeast. (b) The above
analysis showed that GC% positively correlated with gene
density, whereas this analysis showed that it did, but only
with the density of genes with multiple functions, especially
those with three or more functions. This may provide, at
least in part, an explanation for the above conflict that
chromosome 1 with the highest abundance of genes had the
lowest percentage of GC. (c) The above analysis showed
that TEs negatively correlated with gene density, whereas
this analysis showed that they did, but only with the density
of genes with multiple functions, especially those with three
or more functions. The correlations of GC%, recombination
rate, and TEs with the density of genes with multiple
functions suggest that the distribution of genes with multiple
functions plays an important role in shaping genetic
recombination rate, GC distribution, and TE distribution in
a genome. To determine what the genes with three or more
functions were, we examined each of the genes categorized
into 27 function categories (Supplementary Table S1). We found
that while the genes with three or more functions disperse in all
27 function categories, they constitute approximately 75% or
more of the genes involved in “Subcellular localization”
(98.51%), “Protein with binding functions and cofactor
requirement” (94.82%), “Metabolism” (91.47%), “Transcrip-
tion” (85.12%), “Protein fate (folding, modification, destina-
tion)” (82.79%), and “Cellular communication and signal
transduction mechanisms” (81.69%).
As with the correlations observed between the genome
structural and evolutionary components, correlations between
the genome structural components and function categories inthe chromosome arms of the genome were largely the same
as those observed at the whole-genome level (Table 3;
Supplementary Table S3), again suggesting that the impact
of tandem repeats, such as those in the centromeric regions,
on the correlation analyses was limited. However, in the
centromeric regions, the statistically significant correlations
of the genes in the function categories with four of the six
genome structural components were found to have patterns
opposite to those of the whole genome and whole genome
chromosome arms, the correlations of the function categories
being negative with GC% and positive with simple repeats,
low complex repeats, and DNA-TEs. At the chromosome
and chromosome-arm levels, all genome structural compo-
nents of statistical significance had the same correlation
patterns with the function categories as those at the whole-
genome level, but the number of significant structural
component/function category pairs was apparently lower
(Supplementary Tables S5–S14).
Third, we analyzed the correlations between genome
evolutionary components and genes with different functions.
The results are summarized in Table 3 and Supplementary
Tables S3 and S4 for whole-genome analysis and in
Supplementary Tables S5–S14 for chromosome analysis. At
both the whole-genome level (including the whole genome,
whole-genome chromosome arms, and centromeric regions)
and the chromosome level (including individual chromosomes
and the arms of each chromosome), the statistically significant
correlations of the genes in all function categories with SNPs
and InDels were positive, with the exception of the genes
encoding transposable elements and viral and plasmid
proteins. This result was expected because gene density, as
shown above, correlated positively with SNPs and InDels and
negatively with the density of the genes encoding transpos-
able elements and viral and plasmid proteins. Interestingly, of
the 31 function categories, 11 had negative correlations with
recombination rate at the whole-genome level (Table 3).
When the centromeric regions were excluded, the correlations
were maintained with 6 of the 11 categories, including
“Cellular transport and transport mechanisms,” “Cellular
communication and signal transduction mechanisms,” “De-
velopment (systemic),” “Subcellular localization,” “Organ
localization,” and “Genes with more than 3 categorized
functions” (Supplementary Table S3). At the chromosome
level, 12 of the 31 function categories had negative
correlations and 2, “Transposable elements, viral and plasmid
proteins” and “Protein synthesis,” had positive correlations
with recombination rate. When the centromeric regions were
excluded, the correlations of 9 of the 14 categories with
recombination rate were maintained, including “Cellular
transport and transport mechanisms,” “Cellular communica-
tion and signal transduction mechanisms,” “Regulation of or
interaction with cellular environment,” “Transposable ele-
ments, viral and plasmid proteins,” “Cell type localization,”
“Ubiquitous expression,” “Storage protein,” “Control of
cellular organization,” and “Protein synthesis.” These results
suggest that the existence and density of genes with certain
functions likely promote or inhibit recombination frequency
403C. Wu et al. / Genomics 88 (2006) 394–406and thus provide a new line of explanations for the “cold” or
“hot” spots of recombination rate observed along a chromo-
some arm [29,30].
Last, we analyzed the correlations between genes with
different functions. Table 3 and Supplementary Tables S3–
S14 show the pair-wise positional correlations between the
genes of the 27 function categories at the levels of the
whole genome, whole-genome chromosome arms, centro-
meric regions, individual chromosomes, and chromosome
arms. At the whole-genome level (Table 3), extensive
positional correlations were found between the genes of
the 27 function categories, with nearly 90% of the 351
function category pairs being correlated extremely signifi-
cantly or significantly. Except for the genes in the category
“Transposable elements, viral and plasmid proteins” that
showed negative correlations with the genes in all other
function categories, the statistically significant correlations
between all function categories were positive. This was true
for all cases, the whole genome (Table 3), whole-genome
chromosome arms (Supplementary Table S3), individual
chromosomes (Supplementary Tables S5–S9), and chromo-
somal arms (Supplementary Tables S10–S14). Nevertheless,
the number of the function category pairs that were
significantly correlated and their significance levels de-
creased from the whole genome and whole genome
chromosome arm analyses to individual chromosome and
chromosomal arm analyses.
Discussion
This study represents the first report that comprehensively
analyzed the distribution and interaction of all components
constituting or characterizing a plant genome by making use
of the finished genome sequence and functionally and
evolutionarily related data of the plant model species A.
thaliana [3,14,15,23]. Although the nonrandom distribution
of a few of the components in the genome, such as tandem
repeats and gene clusters, was previously observed [3] and
the correlations between some of the components were
previously studied statistically in the sequenced genomes of
Arabidopsis [23] and several other species [13,14,17,20–22],
none of the previous studies provided knowledge about the
distribution of all of the components constituting a genome
and their interrelationships. Therefore, this study provides a
first overall picture of how a plant genome is organized
from its components, how the distribution and organization
of the components are related with the genome function and
evolution, and how the structure, function, and evolution of
the genome are related with one another.
The nonrandom distribution was expected for some of the
components such as DNA-TEs, retro-TEs, tandem repeats,
and recombination rate, based on previous studies [3,23].
However, it was unexpected that 39 of the 40 components
(except GC%) constituting or characterizing the Arabidopsis
genome are distributed in a fashion that significantly
deviates from the random distribution model at both the
whole-genome and the chromosome levels, given the factthat A. thaliana has a small genome size (120 Mb/C) in
which genes are expected to be relatively uniformly
distributed. This is true not only for the components
constituting the genome structure such as genes, DNA-
TEs, retro-TEs, simple repeats, and low complex repeats and
those characterizing the genome evolution such as SNPs,
InDels, and recombination rate, but also for the genes
categorized into different function categories and the genes
with different numbers of functions. This finding suggests
that the organization of DNA molecules contained in the
Arabidopsis genome seems analogous to a linear “jigsaw
puzzle” of the genomic components if each of their
members or elements is considered as a fundamental unit
of a DNA molecule. Moreover, the structure and organiza-
tion pattern of the genome have been further confirmed by
analysis of the components of the genome excluding the
centromeric regions that may affect the distributions of
certain components such as repeat elements. The genome
jigsaw puzzle structure and organization, despite being
related to the distributions of individual components, reflects
the organization of the genome from all of its components
and thus provides a unique platform for the function and
evolution of the genome.
The extremely significant positional correlations among
the components constituting or characterizing the genome
structure, function, and evolution imply that the organiza-
tion, function, and evolution of the large DNA molecules in
the genome are interrelated. This means that array and
organization of genome structural components are driven by
genome evolution characterized by nucleotide substitutions,
nucleotide deletions/insertions, genome recombination (in-
cluding homologous and ectopic), and karyotypic variation,
while the final formation of a genome with a particular
array of the components relies on genome function that is
subjected to natural selection. The array pattern that
biologically provides advantageous fitness to the organism
will be selected and maintained in the population, whereas
those having disadvantages to fitness will be rapidly
eliminated from the population by natural selection. The
array of genome structural components, in turn, affects
genome function by its effects on gene interaction,
regulation and expression, and genome evolution by
affecting the regional rates of nucleotide substitutions,
nucleotide deletions/insertions, genome recombination, and
karyotypic variation. This kind of relationship could provide
a reasonable explanation of the observed correlations among
the components constituting the genome structure, function,
and evolution (also see below). The physical proximity and
association of genes or other components with different but
somehow related functions may facilitate their biological
interactions, thus ensuring the optimal efficiency of
corresponding biological processes.
The above hypothesis suggests that the balance of the
interaction among the components constituting or character-
izing a genome seems a major force driving the organiza-
tion, function, and evolution of a genome, but the
organization and correlation pattern of the components in
404 C. Wu et al. / Genomics 88 (2006) 394–406a genome represent a product of natural selection. Therefore,
from this point of view, the jigsaw puzzle structure of the
genome and the interactions among its components may
represent, at least in part, the identity of a genome. The
unambiguous connection and interactions between genes and
with other genomic components may affect gene action
mode and expression, and thus biological phenotypes,
accounting for at least some of the phenotypic differences
observed between species. This hypothesis is supported not
only by the result of this study that different chromosomes
of the Arabidopsis genome contain similar sets of the
genome-constituting components with similar average densi-
ties (Table 1), but also by the observation that biologically
diverged species share similar sets of genes [31–34].
Furthermore, in comparison with previous studies in
which only a limited number of selected genome compo-
nents were analyzed statistically [13,14,17,20–23], the data
presented in this study provide more comprehensive and
new knowledge for our understanding of many phenomena
important to genome biology. For instance, the Arabidopsis
Genome Initiative [3] showed that the distribution of GC in
the Arabidopsis genome was positively associated with gene
density though no statistical analysis was conducted. This
study has confirmed this relationship and further shows that
GC% does not correlate with the genes having one or two
functions, but does correlate positively with the genes
having three or more functions. Wright et al. [23] showed
that in Arabidopsis TEs are abundant near the centromeres
and negatively correlated with gene density. Our analyses
have confirmed these results and further show that TEs do
not correlate with the genes having single functions, but do
correlate negatively with the genes having multiple func-
tions. Again, Wright et al. [23] showed that the recombinant
rate did not correlate with TE abundance at the whole-
genome level. Our results support this conclusion and show
that it negatively correlates with the abundance of genes
having three or more functions. These results suggest that
the genes with multiple functions, but not those with single
functions, play an important role in the distribution of GC%,
DNA-TEs, and retro-TEs and variation of genetic recombi-
nation rate in a genome.
Moreover, our analyses show that recombination rate,
despite not correlating with any of the genome structural
and evolutionary components at the whole-genome level
([23] and this study), significantly correlates, either posi-
tively or negatively, with certain genome structural compo-
nents and the abundance of genes with certain functions at
the individual chromosome level. In general, recombination
rate is restricted in the centromeric region of a chromosome,
but it was also observed to be cold or hot in some regions
of a chromosome arm [29,30]. Fullerton et al. [18] showed
that local rates of recombination were positively correlated
with GC%, and Meunier and Duret [24] concluded that
recombination drives the evolution of GC% in the human
genome. Rizzon et al. [20] showed that the density of DNA-
TEs was negatively correlated with recombination rate in the
Drosophila genome, whereas Duret et al. [17] found thatrecombination rate was positively correlated with the density
of DNA-TEs and negatively with gene density in the C.
elegans genome. Pal and Hurst [22] reported that the
regions containing essential gene clusters tend to be low in
recombination rate in the yeast genome. Our data show that
recombination rate is correlated positively with the densities
of simple repeats, DNA-TEs, and retro-TEs, but negatively
with the density of SNPs along a chromosome arm.
Furthermore, our study has also provided the first line of
evidence that the recombination rate along a chromosomal
arm is negatively correlated with the genes of the function
categories “Cellular transport and transport mechanisms,”
“Cellular communication and signal transduction mechan-
isms,” “Regulation of or interaction with cellular environ-
ment,” “Cell type localization,” “Ubiquitous expression,”
“Storage protein,” and “Control of cellular organization” but
positively correlated with the genes of the function
categories “Transposable elements, viral and plasmid pro-
teins” and “Protein synthesis.” Interaction of these compo-
nents may account for the cold and hot spots of
recombination along a chromosomal arm.
These results indicate that variation of recombination rate
along a chromosome arm is associated with a number of
factors. These include not only with the densities of DNA-
TEs and retro-TEs, GC%, and simple repeats as in previous
studies [23], but also with the regional gene contents and their
functions observed in this study. While further investigations
are needed to determine whether recombination rate drives the
local accumulation of TEs, GC%, and genes with certain
functions or is inhibited or promoted by the local contents of
the components, it appears reasonable to propose that they
interact according to our above hypothesis. Genome recom-
bination (homologous or ectopic) allows rearraying or moving
around of the genome structural components such as DNA-
TEs, retro-TEs, simple repeats, GC, and/or genes. The
resultant new arrays that are deleterious are rapidly
eliminated, while those that are advantageous to fitness are
selected by natural selection, leading to local accumulation of
certain components. Since the new array, if selected, likely
has better fitness in a period than the existing one,
recombination rates at the corresponding regions could be
inhibited, resulting in the cold spots of recombination in the
regions. Similarly, one can explain the hot spots of
recombination because it is also possible that the rearraying
of some components may promote recombination in some
regions.
Centromeres represent one of the most specialized regions
of a genome. Our analyses, for the first time, show that the
correlation patterns (positive or negative) are opposite
among some of the genome components between chromo-
somal arms and centromeric regions. For example, higher
retro-TE density correlated with lower GC% in the
chromosomal arms but with higher GC% in the centromeric
regions. The gene densities of function categories, if
statistically significant, correlated positively with GC% and
negatively with simple repeats, low complex repeats, and
DNA-TEs in the chromosomal arms, whereas they correlated
405C. Wu et al. / Genomics 88 (2006) 394–406negatively with GC% and positively with simple repeats,
low complex repeats, and DNA-TEs in the centromeric
regions. These discrepancies may provide useful information
for our understanding of centromere formation, including its
origin, function, and evolution.Materials and methods
Data extraction
The genome sequence and positions of predicted genes in the A. thaliana
genome were extracted from The Arabidopsis Information Resource [3] (http://
www.arabidopsis.org). The genome sequence was presented in continuous
sequence of 115,409,949 bp and a minimal overlapping tiling path of 1368
sequenced large-insert BAC clones. We extracted the distribution data of all 40
components identified in the genome [3], including 6 structural components, 3
evolutionary features, and 31 gene function categories (Supplementary Table
S1), from both forms of the sequences. Because the BAC clones have an average
insert size of ca. 100 kb, we collected the genome distribution data of each
component in a window size of 100 kb. The information on retro-TEs, DNA-
TEs, simple repeats, and low complex repeats were collected by use of the
program RepeatMasker against the Arabidopsis repetitive sequence database (A.
F.A. Smit and P. Green, http://ftp.genome.washington.edu/RM/RepeatMasker.
html). The data of SNPs and InDels were taken from the Cereon Arabidopsis
Polymorphism Collection [14] (http://www.arabidopsis.org/Cereon/) and the
function categories of genes from the MAtDB [15] (http://mips.gsf.de/proj/thal/
db/index.html). The recombination rates across chromosome arms were
according to Wright et al. [23]. The centromeric regions were delimited
according to Copenhaver et al. [35], including the centromeric cores and
pericentromeric regions. The data collected from the minimal overlapping tiling
path clones were standardized into the number of counts per 100 kb before
analysis. When plotting the numbers of each component per 100 kb versus each
chromosome (Supplementary Figs. S1–S5), the same distribution patterns of
each component between the datasets extracted from continuous sequence and
minimal-overlapping BAC tiling path along each chromosome were observed
(data not shown), strongly suggesting that either of the datasets could be used for
our research purposes.
Statistics analysis
The data collections were used to calculate the number of counts of each
component in a given window size of nucleotide sequence along individual
chromosomes, chromosome arms, whole genome, whole-genome chromosome
arms, and the combined centromeric regions of all five chromosomes and the
mean of each component by chromosomes. The ANOVA was carried out to
test the variation in the mean number of counts of a component among the five
chromosomes of Arabidopsis, and Fisher's LSD was used to test its
differences between the chromosomes. To test whether each of the components
is distributed randomly in the genome, the χ2 goodness-of-fit test was
conducted against the null hypothesis that the component was randomly
distributed in the genome as described in previous studies [16,19]. The
genome or chromosomal mean number of counts of the component in a given
window size was used as the estimated expectation and the actual number of
counts in each sequence window as the observed with a degree of freedom of
n − 1, where n equals the number of sequence windows of the chromosome or
genome. The two-tailed significance was established at three levels: α = 0.05,
0.01, and 0.001. The correlations between each pair of the genome
components were estimated by computing the Spearman rank correlation
coefficients (rs) by chromosomes, chromosomal arms, whole genome, whole-
genome chromosomal arms, and combined chromosomal centromeric regions
as described in previous publications [19,20,23]. The significance of the rs
values was tested against a random deviation by the t test with a degree of
freedom of n − 2, and the two-tailed significance was established at three
levels: α = 0.05, 0.01, and 0.001.
Before analyzing the data, we conducted a series of experiments to
determine the optimal window size for the analyses, including the ANOVA,χ2 goodness-of-fit test, and Spearman correlation coefficient, and their
significance by the t test. We tested window sizes of 100, 300, 500, 800,
1000, 1500, and 2000 kb using the datasets extracted from the whole
genome, the whole genome excluding centromeric regions, chromosome 1,
and chromosome 1 excluding centromeric region. As a result, no significant
differences were observed among different window sizes from all datasets
tested (data not shown). Therefore, the 300-kb window was selected for our
analyses, based on the sensitivity of component variation detection and the
value and number of statistical variables. Although the sensitivity of
variation detection and the number of variables increased when a smaller
window size was used, the values of the variables could be too volatile for
proper statistical analyses.
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